ABSTRACT Electron impact excitation rates for transitions in helium-like Mg xi, calculated with the R-matrix code, are used to derive the electron temperature-sensitive emission-line ratios G
INTRODUCTION
Emission lines arising from transitions between the Is 2 1 S and ls2l levels in helium-like Mg xi are prominent features of high-temperature solar and laboratory plasmas (Phillips et al. 1982; Barnsley et al. 1986 ). They may be used to infer the electron temperature of emitting plasma through the wellknown ratio G = (/ + i)/r, where / is the forbidden Is 2 1 Sls2s 3 S transition at 9.314 Â (Phillips et al. 1982) , i the intercombination Is 2 1 S-ls2p 3 P lt2 li n es at 9.232 Â, and r is the Is 2 1 S-ls2p 1 P resonance transition at 9.169 Â (Blumenthal, Drake, & Tucker 1972) . However, the theoretical determination of this ratio is critically dependent on the atomic data adopted in the calculations, especially for the electron collisional excitation rates between the ground state and ls2/ levels (Gabriel & Jordan 1972) . have calculated electron excitation rates for forbidden and intercombination transitions among the ground state and Isnl, n = 2,3 levels of Mg xi using the R-matrix code of Burke & Robb (1975) . Subsequently, Keenan, Tayal, & Kingston (1984) used these results, in conjunction with preliminary atomic data for the allowed transitions in Mg xi, to derive theoretical G ratios. In addition, Keenan, Kingston, & McKenzie (1986) deduced new electron temperature diagnostics for Mg xi in solar flares and active regions, namely R ± = /(Is 2 1 S-ls3p i P)/I(ls 2 1 S-ls2p 1 P) = /(7.850 Â)//(9.169 Â), and R 2 = /(Is 2 1 S-ls4p ^//(Is 2 1 Sls2p 1 P) = 1(1 M2 Â)//(9.169 Â), which are more sensitive to variations in T e than is the normal diagnostic for He-like ions, G.
More recently, Tayal (1987) extended his earlier R-matrix calculations to determine reliable electron impact excitation rates for allowed transitions in Mg xi. These include higher partial wave contributions, which are important in determining the excitation rates at high energies (see Tayal 1987 for more details). In this paper we use the Tayal atomic data to rederive the /¡-sensitive line ratios in Mg xi discussed above, and compare them with previous calculations and with observational data for solar flares and active regions.
THEORETICAL RATIOS
The model ion for Mg xi consisted of the 23 Isnl states with n < 6 and / < 3, making a total of 37 levels when the finestructure splitting in the triplet terms was included. Energies of all the levels were obtained from Martin & Zalubas (1980) . Electron impact excitation rates among the Is 2 , ls2/, and ls3/ states were taken from Tayal (1987) and for allowed and forbidden and semiforbidden (i.e., spin-changing) transitions, respectively. For transitions to higher Isnl levels, the above excitation rates were used in conjunction with the n _ 3 scaling law of Gabriel & Heddle (1960) . Einstein A-coefficients for radiative decays from Isnl levels were obtained from Lin, Johnston, & Dalgarno (1977a) , and Lin, Johnston, & Dalgarno (1977b) and Cohen & McEachran (1972) for n = 2 and n > 2, respectively. However for the intercombination lines Is 2 1 5-ls2p 3 P 1 and Is 2 ^-IsJp 3 P l5 the results of Laughlin (1978) were preferred. The dielectronic and radiative recombination coefficients of Me we & Schrijver (1978) were used in conjunction with the Mg xn/Mg xi ionization balance calculations of Arnaud & Rothenflug (1985) to include the effects of these atomic processes on the Mg xi level populations. Collision innershell ionization of the Mg x ls 2 2s 2 S ground state can produce the ls2s 3 S state in Mg xi, but the rate for this was found to be very small from the data of Gabriel (1972) and was hence neglected.
Using the atomic data discussed above in conjunction with the statistical equilibrium code of Dufton (1977) , we calculated relative Mg xi level populations and hence emission-line strengths for a range of electron densities and temperatures appropriate to the solar transition region and corona. The procedure was similar to that used by Dufton et al. (1978) , where details of the approximations involved may be found.
In Figure 1 the temperature-sensitive ratio G = [/(Is 2 'S-lsls 3 5) + /(Is 2 'S-lslp 3 /\. 2 )]//(1s 2 1 S-ls2p 1 P) = [/(9.314 Â) + 1(9.232 Â)]//(9.169 Â) is plotted at an electron density N e = 10 11 cm -3 , although we note that the ratios are independent of the latter for N e < 10 14 cm -3 . Also shown in the figure are the calculations of Keenan, Tayal, & Kingston (1984) , which are ~8% and ~6% smaller than the present results at = 7 x 10 6 K and 1 x 10 7 K, respectively. This discrepancy is due to the adoption of the improved excitation rates of Tayal (1987) in the latest calculations and will lead to electron temperature estimates between ~ 10% smaller and a factor of ~1.6 higher than those deduced from the Keenan, Tayal, & Kingston line ratios, for values of log T e in the range 6.5-7.0.
In Figures 2 and 3 , similar diagrams are shown for the ratios R* = /(Is 2 1 5-ls3p ^//(Is 2 1 5-ls2p 'P) = /(7.850 Â)/ /(9.169 A) and R 2 = /(Is 2 1 S-ls4p ^//(Is 2 1 S-ls2p 1 P) = 1(1 A12 Â)//(9.169 Â), which are insensitive to variations in the electron density for N e < 10 16 cm -3 . The present calculations yield R x and R 2 values up to ~12% smaller than those of Keenan et al. (1986) at low temperatures (implying derived electron temperatures up to ~ 13% larger), which is once again due to the adoption of the Tayal (1987) excitation rates in the present analysis.
We note that the log T e range from 6.5 to 7.0 in Figures 1-3 is the interval over which the Mg xi ratios are most useful for the diagnosis of coronal active regions and flares (McKenzie 1987; Linford & Wolfson 1988) . Outside this range, the Mg xi emissivity is low (Mewe, Gronenschild, & van den Oord 1985) , and in addition at high temperatures the ratios depend only very weakly on T e .
The plots in Figures 1-3 do not include the contribution made by close dielectronic satellites with n> 2 to the resonlog T e Fig. 1. -The theoretical Mg xi emission line ratio G = [/(Is 2 1 Sls2s 3 S) + /(Is 2 1 S-ls2p 3 P U2 )]/I(ts 2 í S-ls2p 1 P) = [/(9.314 Â) + 1(9.232 Â)]//(9.169 Â), where / is in energy units, plotted as a function of electron temperature at a density of N e = 10 11 cm -3 , with (solid line) the present calculations and (dashed line) the results of Keenan, Tayal, & Kingston (1984) . anee line intensity. This contribution was estimated from data for satellites with n < 5, kindly provided by P. Faucher. Satellites within 0.003 Â of the resonance line wavelength were included, the interval 0.003 Â corresponding to half the FWHM of the combined instrumental and thermal Dopplerbroadened profile of the resonance line. As the intensity ratio of satellites to resonance line is inversely proportional to electron temperature (see, for example, Gabriel 1972), the contribution of close satellites to the resonance line intensity is largest for smaller temperatures. Over the range we consider log Tg Fig. 3. -The theoretical Mg xi emission-line ratio R 2 = /(Is 2 1 5-ls4p 1 P)/ /(Is 2 l S-ls2p 1 P) = 1(1 A12 Â)//(9.169 Â), where / is in energy units, plotted as a function of electron temperature at a density of N e = 10 11 cm -3 , with (solid line) the present calculations and (dashed line) the results of Keenan, Kingston, & McKenzie (1986 (log T e = 6.5-7.0), this contribution decreases from 10% to 2.5%.
RESULTS AND DISCUSSION
The Flat Crystal Spectrometer (FCS) on board the Solar Maximum Mission (SMM) satellite was a finely collimated (FWHM 14") scanning crystal spectrometer which on command could spatially raster with its seven crystals all set at an intense X-ray line, or could scan in wavelength at a preprogrammed rate with the collimator directed at some chosen location on the Sun. Channel 3, with ADP crystal (2d = 10.64 Â), included all the Mg xi lines of interest, and it observed numerous flares and active regions from the time SMM was launched in 1980 until reentry in 1989. Unfortunately, comparatively few of these have Mg xi line spectra suitable for comparison with the present calculations, as the Mg xi Is 2 1 S-ls3p 1 P and Is 2 1 S-ls4p 1 P lines are often weak in nonflaring active region spectra (leading to poor photon statistics), while for flare observations there are often significant time variations in the flare emission during the time FCS scanned the region of interest. However, we have identified three Cl and C2 flares whose X-ray fluxes determined from the companion Bent Crystal Spectrometer (BCS) show that the line intensities do not vary significantly during the time (typically a few minutes) needed to scan the spectrum, as well as three active region scans (with no time variation) where the Mg xi Is 2 1 S-ls3p X P and Is 2 1 S'-ls4p l P line intensities could be reliably measured. In Table 1 we summarize the observed values of G, R 1? and R 2 for the above solar features, along with the estimated uncertainties in the line ratios. The line fluxes were determined using the STARLINK reduction package DIPSO (Howarth & Murray 1988) , and errors from the combined estimated uncertainties of the photon counts in both the lines and a neighboring portion of the background (the background is instrumental in origin and is due to crystal fluorescence). The quality of the observational data is illustrated in Figure 4 , where we plot the spectrum of the 1986 July 13 Cl flare.
In Table 2 we list the electron temperatures derived from the observed values of R l5 and R 2 and the present calculations in Figures 1-3 Keenan et al. (1991) through a comparison with tokamak plasma observations, for which the temperature and density have been independently determined. Hence the results in Table 2 provide support for the validity of the present theoretical R x and R 2 diagnostics, and implies that they may be applied with confidence to the analysis of solar flares and active regions. We note that the 7¡-sensitivities of R x and R 2 are much greater than for G, the former varying by factors of 1.7 and 2.1, respectively, between log T e = 6.5 and 7.0, while the latter changes by only 34% (see Figs. 1-3) . Hence in principle the use of R t and R 2 in the future should lead to better estimates of the electron temperature than the more familiar G ratio.
Finally, we note that the good agreement between theory and observation for R x and R 2 also provides support for the FCS channel 3 calibration curve in the wavelength region of the Mg xi transitions (7.472-9.314 Â). This is in contrast to our results for R 1 and R 2 in Si xm, observed with FCS channel 4, where the large discrepancies between theory and observation are believed to be due to problems with the FCS calibration curve between 5.286 and 6.647 Â (see Keenan, McCann, & Phillips 1990 ).
